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Adaptive immunity has often been considered the penultimate of immune capacities. That system is now being deconstructed to
encompass less stringentrules that govern itsinitiation,actual eﬀector activity, andambivalent results.Expanding therepertoireof
innate immunity found in all invertebrates has greatly facilitated the relaxation of convictions concerning what actually constitutes
innate and adaptive immunity. Two animal models, incidentally not on the line of chordate evolution (C. elegans and Drosophila),
have contributed enormously to deﬁning homology. The characteristics of speciﬁcity and memory and whether the antigen is
pathogenic or nonpathogenic reveal considerable information on homology, thus deconstructing the more fundamentalist view.
Senescence, cancer, and immunosuppression often associated with mammals that possess both innate and adaptive immunity
also exist in invertebrates that only possess innate immunity. Strict deﬁnitions become blurred casting skepticism on the utility of
creating rigid deﬁnitions of what innate and adaptive immunity are without considering overlaps.
Copyright © 2007 K. Kvell et al. This is an open access article distributed under the Creative Commons Attribution License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
1. INTRODUCTION: WHERE INNATE AND
ADAPTIVE IMMUNITY CONVERGE
All multicellular animals (invertebrates and vertebrates)
manage to keep self-integrity. Any attempt to answer ques-
tions concerning immune recognition must consider the
universality of receptor-mediated responses. These may
designate two forms: (1) rearranging clonally distributed
antigen-speciﬁc receptors that distinguish between self and
nonself according to classical Burnet hypothesis; and/or
(2) pattern recognition receptors introduced by Janeway
[1, 2]. The ideal immune system provides rapid and eﬃ-
cient responses, diverse repertoire of recognition, and ef-
fector molecules as well as speciﬁc memory on an individ-
ual level. In the self and nonself discrimination theory, the
recognition receptors are central to immunity. However, a
recently advanced hypothesis emphasizes that alarm signals
have priority and initiate immune responses. These alarm
danger signals released from the body’s own cells are ex-
plained by the danger model of immunity. According to
this model, immune cells must “decide” what poses harm
to the body among self and nonself structures [3, 4]. The
two branches of vertebrate immunity (innate and adaptive)
are dependent on each other. The innate immune system, re-
sponsible for the ﬁrst encounter with a pathogen, can trigger
adaptive immunity in case the initial response is ineﬀective.
Both arms interact with each other, via cell-cell interactions
and soluble factors maintaining a physiological steady state
[5].
With this in mind, we felt compelled to clarify and ex-
tend what seems to be the blurring or masking of certain im-
munological characteristics of invertebrates and vertebrates
[6–8]. To do this, we ﬁrst deﬁne the general features of in-
nate and adaptive immunities. Innate immunity is consid-
ered to be natural, nonspeciﬁc, nonanticipatory, and non-
clonal but germ-line encoded; whereas adaptive immunity is
indeed speciﬁc, anticipatory, clonal, and somatic. Then, we
discuss the blurring of vertebrate and invertebrate immuno-
logical characteristics in the following sections: (1) a preface
to adaptive immunity; (2) senescence, cancer, and immuno-
suppressiveviruses;(3)invertebrateimmunologicalmemory
triggered by nonpathogenic stimuli; (4) the dawn of adaptive
immunity; and (5) perspectives on innate and adaptive im-
munity.2 Clinical and Developmental Immunology
2. A PREFACE TO ADAPTIVE IMMUNITY
2.1. Productsofeons
Ancient innate immunity-related functions like phagocyto-
sis and cytokine production (i.e., IL-1 and TNF) were al-
ready developed 700 million years ago in sponges and higher
aquaticinvertebrates(i.e.,starﬁsh).Thesefundamentalfunc-
tions remained unaltered during phylogenesis. A major evo-
lutionary step happened 500 million years ago when ﬁsh de-
veloped jaws accompanied by evolution of the gut associ-
ated immune system. This system was fundamental to pro-
viding the genetic material required for recombination and
mutation to produce variability and diversity of proteins
(i.e., immunoglobulins). This system also enabled the occur-
rence of a wide spectrum of antigen-presenting proteins like
the major histocompatibility complex (MHC). These MHC
molecules developed from a primordial molecule over 300
million years ago [9].
2.2. Interspeciesborders
A genetically colorful background is generally considered
to be advantageous for species in their constant adaptation
to the neighboring environment. On the other hand, for a
suddenly emerging costly macroscopic function like adap-
tive immunity, working with clonally distributed receptors,
intraspecies genetic backcrosses can make survival diﬃcult.
Therefore, in such cases, interspecies borders may help the
genetic solidiﬁcation of evolutionarily novel characteristics.
However, drawing interspecies borders is not always easy as
often seen in cases of hybridogenesis with certain inverte-
brate arthropods or even with vertebrate ﬁsh and amphibian
species [10–12].
2.3. Lymphocytereceptors:survivalof
theﬁttestmolecule
In the case of invertebrate organisms, species survival is
maintainedatthepopulationlevel,whichisriskyforindivid-
uals. Whenever a new pathogen takes its toll, the remaining
individuals are spared because they are more resistant than
others. Such diﬀerences are genetically encoded [13]. How-
ever, for vertebrates, the surviving strategy is quite diﬀerent.
Vertebrates have a more complex immune system that gen-
erates a practically indeﬁnite pool of recognition molecules,
each present as a single cell clone. From this array of cells,
thosethatprovidebetteradaptationtovariousenvironments
are selected in a fashion quite similar to macroscopic evo-
lution. Cells that meet the requirements in this tough se-
lection survive and proliferate. Such selection occurs every
time a new pathogen attacks a vertebrate and the winners of
this quick intercellular evolution are selected and propagated
quickly enough to hunt down and neutralize the pathogen in
the host organism [14].
2.4. Aspectsofimmunologicalecologyandevolution
Ecologicalimmunologyisayoungbutincreasingsciencethat
examines causes and consequences of changes in immune
function in the context of evolution and of ecology. Millions
of invertebrate species depend exclusively on using innate
immunity, in contrast to the only 45 000 vertebrate species
that employ an additional acquired immune system. Regard-
less of this major distinction, most studies of ecological im-
munology discuss only vertebrates. Nevertheless, insect im-
munity might be more speciﬁc and similar to vertebrate im-
munity than previously thought [15–17].
An explanation to why an anticipatory immune system
employing clonally distributed receptors has not developed
in invertebrates may be provided by immunological ecol-
ogy. Highly developed organisms tend to be large in size.
Since the size of individual cells does not show signiﬁcant in-
terspecies variances, being larger means having more cells.
Adaptive immunity works with a huge number of recog-
nition molecules distributed in a clonal pattern. Therefore,
only highly developed organisms can aﬀord to run such a
costly immune system; otherwise costs would always out-
weigh beneﬁts. It seems that having huge and complex com-
munitiesofcellsnotonlydemandsahighlyeﬀectiveadaptive
immune system, but actually provides its basic framework in
o r d e rt oe x i s t[ 18, 19].
3. SENESCENCE, CANCER, AND
IMMUNOSUPPRESSIVE VIRUSES
3.1. Issenescencerelevantto
understandingimmunity?
Senescence and age-related research isa promising approach
that discovers revolutionary data. Immunological senescence
of vertebrate adaptive immunity is a process widely accepted
by most immunologists. This is, however, less evident when
thinking in terms of invertebrate innate immunity. However,
this will likely change in the near future as there is accumu-
lating evidence of senescence and more speciﬁcally immuno-
logical senescence in invertebrate species.
Morphological features of the aging process (senescence)
have been recognized for many years in invertebrates. For ex-
ample, when earthworms are maintained for long periods in
the laboratory, a progressive decrease in size reminiscent of
degeneration and a kind of wasting syndrome occur [20].
Congoredstainingindicatesthepresenceofamyloidinevery
organ-system as a diagnostic feature of aging [21]. With in-
vertebrates and from a comparative viewpoint, there are ex-
amples of (1) rapid senescence and sudden death (progeria);
(2) gradual senescence with deﬁnite life span; (3) negligible
senescence; and (4) genetic inﬂuence on life span, mortal-
ity rates, and age-related diseases [22]. Increased activation
of the immune system is a general characteristic that accom-
panies senescence in animals, including mammals and cer-
tain invertebrates. Gene expression analyses show that some
of the most remarkable transcriptional changes that happen
during aging are related to immunity. As a consequence, the
use of invertebrate model organisms is highly desirable.
Duringsenescence,Drosophilamelanogaster expressesin-
creasinglevelsofnumerousantimicrobialpeptidesifexposed
to septic bacterial infections, but not in response to bacterial
extracts [23]. Mortality factor on chromosome 4 (MORF4)K. Kvell et al. 3
is known to initiate senescence in a number of cell lines.
MORF-related gene on chromosome 15 (MRG15 expressed
from yeast to humans) has been shown to be extremely con-
served. The signiﬁcant eﬀect of MRG1 (the Caenorhabditis
elegans ortholog of the above MRG15) in the aging process
has also been demonstrated [24]. The DAF family of tran-
scription factors supports its critical importance in the con-
trol of aging (immunosenescence) in this nematode model.
The DAF-2 mediated insulin signaling pathway is a key cas-
cadethatinﬂuencessenescenceinCaenorhabditiselegansand
this function seems to be evolutionarily conserved: the DAF
pathwayalsoaﬀectsaginginDrosophilamelanogaster andro-
dents [25]. Innate immune functions in Caenorhabditis ele-
gans are also regulated by the TGFβ-like and the p38 MAPK
pathways. The requirement of the DAF-2 cascade in regulat-
ing senescence and immunity raises molecular-level linkage
of these processes [26].
3.2. Cancerandimmunosuppressiveviruses
ininvertebrates
3.2.1. Cancerdevelopment
Cancer development has often been addressed in vertebrate
species especially its relation with adaptive immunity. How-
ever, invertebrates also develop tumors in response to en-
vironmental carcinogens. Studying cancer development in
species possessing innate immunity alone is a very promis-
ing ﬁeldofresearchandmayhighlight adaptivelike functions
present in invertebrates.
Musselsarevulnerabletoseveralenvironmentaltoxicants
and carcinogens. DNA sequence alignment of the Mytilus
edulis homologue of vertebrate ras and p53 demonstrates ex-
treme evolutionary conservatism in active domains, includ-
ing four mutational hot spots [27]. Cases of transmissible
sarcoma caused by environmental carcinogens (i.e., chlor-
dane) in the soft-shell clam Mya arenaria have also been re-
ported [28–30].
Drosophilaoﬀersauniqueplatformfortherapididentiﬁ-
cationandcharacterizationoftumorsuppressorgenes,many
of which have mammalian homologues. Genomewide mi-
croarray analysis of Drosophila brain tumor caused by the
disfunction of the Brat t u m o rs u p p r e s s o rg e n eh a si d e n t i -
ﬁed over three hundred associated genes. Sixty of these se-
quences show homology to existing mammalian genes in-
volvedintumordevelopment[31].Asinhumancancers,loss
of heterozygosity can lead to tumor formation as reported in
the case of the warts (wts)s e q u e n c e .T h ewts sequence was
identiﬁed by the massive overgrowth of clones homozygous
for wts deletion [32, 33]. Similarly, mutations of the fat lo-
cus cause hyperplastic overgrowth of the imaginal discs. The
aﬀected protein product is a relative of cadherins, which are
known to play an important role in human tumor suppres-
sion [34].
3.2.2. Immunosuppressiveviruses
For those who believe in the orthodox split between in-
nate and adaptive immunities in terms of characteristics, it
is perhaps diﬃcult to accept the existence of viruses that
speciﬁcally suppress the cellular components of innate im-
munity. Nevertheless, as proved by experimental data, innate
immunity-speciﬁc immunosuppressive viruses exist. Cote-
sia congregata is a wasp that injects its eggs into the host
caterpillar Manduca sexta. However, in this particular host-
parasite relation, the presence of a third partner is neces-
sary for successful parasitism: a bracovirus. The C. congre-
gata bracovirus (CcBV) is injected simultaneously with the
wasp eggs. Expression of viral genes hijacks the caterpillar’s
immunedefenseresponses,whichfavorsthesurvivalandde-
velopment of adult parasitoid wasps [63, 64]. This parasitoid
wasp is known to take advantage of yet another virus in a
similar fashion, a polydnavirus. Polydnaviruses (PDVs) also
suppress the immune system of the host and allow the ju-
venile parasitoids to develop without being encapsulated by
host hemocytes [65]. In invertebrates, the ambivalent rela-
tion of viruses and their hosts is further complicated by pres-
ence of both speciﬁc (RNA interference-mediated) and non-
speciﬁc (interferon-mediated) antiviral responses support-
ing the blurring of immunological functions [66].
4. INVERTEBRATE IMMUNOLOGICAL MEMORY
TRIGGERED BY NONPATHOGENIC STIMULI
4.1. Protostomes
Numerous examples have been presented of animal im-
mune responses that may develop following challenge by
pathogenic organisms or nonpathogenic stimuli [8]. Here,
we refer to reports previously neglected thus widening the
scopeofdeﬁnitionsofwhatmaytriggerinvertebratememory
and further adaptive immunity-related features (Table 1).
Most evidence concerning the evolution of innate immunity
hasbeenderivedfromtwoecdysozoanspecies:C.elegansand
Drosophila. In contrast, the lophotrochozoan systems share
some distinct diﬀerences; mollusks may have managed im-
munological defense in a special manner similar to the an-
nelids including earthworms [67]( Figure 1).
Early invertebrates present numerous examples of non-
self recognition. Two classes of receptors with Ig-like do-
mains have been identiﬁed in marine sponges: receptor tyro-
sine kinases and adhesion molecules. The expression of these
molecules is known to be upregulated following a grafting
process [35, 36, 68].
Various worm species have been used in tissue transplan-
tation experiments. The marine nemertean ribbon worm
Lineus readily rejects xenogeneic grafts revealing a memory
component that lasts for three months [39–42]. In annelids
(earthworms and leeches), accelerated rejection, weak speci-
ﬁcity and short-term “memory” mediated by the cellular im-
mune system have been reported [43–45, 69–74]. Molluscs
are also capable of recognizing tissue alloantigens as demon-
strated in the terrestrial slug Incilaria fruhstorferi after ex-
changing dorsal skin-allografts: immune cells inﬁltrated the
grafts [46].
Recent knowledge of invertebrate innate immunity is
mainly based on molecular data of dipteran insect species;
however there is no recent information available about tissue4 Clinical and Developmental Immunology
Table 1: Invertebrates exhibiting induction, speciﬁcity, and/or immunological memory in the nonpathogenic context of ﬁrst and second
challenges with transplants (n.a.: not analyzed).
Species Challenge Speciﬁty Memory References
Porifera
C. diﬀusa Tissue (allograft)
transplantation
++ Smith and Hildemann,1986 [35]
G. cydonium +n . a . M¨ uller et al., 1999 [36]
Cnidaria
E. stricta Colonial contact/allograft,
xenograft
+n . a . Theodor, 1970 [37]
M. verrucosa ++ Hildemann et al., 1977 [38]
Nemertea
L. ruber Tissue (allograft, xenograft)
transplantation
++ Bierne and Langlet, 1974 [39];
L. lacteus Langlet and Bierne,1975 [40]; 1982
[41]; 1984 [42]
Annelida
Earthworms L.
terrestris E. fetida
Tissue (allograft, xenograft)
transplantation
++ Cooper, 1969 [43]; Cooper and
Roch, 1986 [44]
Leeches H.
medicinalis G.
complanata
Tissue (allograft, xenograft)
transplantation
++ Tettamanti et al., 2003 [45]
Mollusca
I. fruhstorferi Tissue (allograft)
Transplantation
+n . a . Yamaguchi et al., 1999 [46]
Arthropoda
P. americana B.
orientalis
Tissue (allograft, xenograft)
transplantation
++ Hartmann and Karp, 1989 [47];
Karp and Meade, 1993 [48]
Echinodermata
S. purpuratus L. pictus Tissue (allograft)
transplantation
+ − Coﬀaro and Hinegardner, 1977 [49]
D. imbricata ++ Karp and Hildemann, 1976 [50]
Tunicata
B. schlosseri Colonial contact/allograft
+n . a . Rinkevich et al., 1998 [51]; Scoﬁeld
et al., 1982 [52];
S. plicata ++ Raftos et al., 1987 [53]; 1988 [54]
allorecognition in these model organisms. However, several
studies have indicated that the cockroach can respond to in-
tegumentary xenografts and eﬀectively discriminate between
self and allogeneic tissues [47, 48].
4.2. Deuterostomes
Sea urchins and sea stars exhibit immune responses against
grafted tissues similar to those found in vertebrates [49, 50].
TheresponsesoftheurochordatesStyelaplicataandBotryllus
schlosseri to tunic grafts conﬁrm the existence of a sensitive
histocompatibility system. Screening for genes diﬀerentially
expressed during allorecognition in Botryllus schlosseri has
identiﬁed a gene encoding a transmembrane protein show-
ing close similarity to CD94/NKR-P1. The allorecognition
of B. schlosseri is controlled by an ancient MHC-like system
(called Fu/HC) [51, 53, 54, 75–78].
Since the complete genome of the urochordate Ciona in-
testinalis has been sequenced, it allows for the rapid identi-
ﬁcation of early evolutionary roots of adaptive immunity. In
the hemocytes of C. intestinalis, certain adaptive-immunity
homologous ESTs have been identiﬁed including vWF-like
(von Willebrand factor-like), distant homologues of type I
interferon (IFN) receptors, and C6-like (complement 6-like)
elements [79, 80]. Moreover, genes that encode molecules
withmembranereceptorfeaturesoftheimmunoglobulinsu-
perfamily (IgSf) have also been reported [81].
5. THE DAWN OF ADAPTIVE IMMUNITY
The emergence of adaptive immunity was not a sudden
event; its far-reaching evolutionary roots are currently un-
der investigation by modern molecular biological meth-
ods. Genomewide sequence analysis of invertebrates has fo-
cused on the genes of innate immunity including comple-
ment components, Toll-like receptors, and those involved
in intracellular signal transduction of immune responses.
Assessment of extracellular C-type lectins, immunoglobu-
lin domains, intracellular immunoreceptor tyrosine-based
inhibitory motifs (ITIMs), and immunoreceptor tyrosine-
based activation motifs (ITAMs) (together with their associ-
ated signal transduction molecules) suggests that activating
and inhibitory receptors have an early evolutionary origin
[82].K. Kvell et al. 5
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Nematoda
IgSf, lectins, PRR,
apoptosis, AMP,
conserved signalling
pathway
Arthropoda
(insects, crustaceans)
IgSf (hemolin, Dscam),
SCR, lectins, PRR (Toll), C’
AMPs, conserved signalling
pathways, mesodermal
immune cells
Gnathostomata (jawed vertebrates)
TcR, Ig, lectins, AMPs, C’, RAG 1-2,
cytokines, PRR, mesodermal immune
cells, transplant rejection
Mollusca
FREPs, lectins, PRR, PPO,
AMPs, conserved signalling
pathways, mesodermal immune
cells
Sipunculida
Mesodermal immune cells Ecdysozoa
Nemertea
Mesodermal immune cells,
transplant rejection
Protostomes Bilateria
Lophotrochozoa
Platyhelminthes
Deuterostomes
Metazoa
Protozoa
Hemichordata
Porifera
IgSf, lectins, tissue
rejection
Annelida
Lectins, PRR,
AMPs, mesodermal
immune cells, PPO,
transplant rejection
Cnidaria
IgSf, lectins, tissue
rejection, C’
Echinodermata
Lectins, SCR, AMPs, C’,
cytokine like molecules,
mesodermal immune cells,
PPO, transplant rejection
Urochordata
Lectins, AMPs, C’, IgSF,
cytokine like molecules,
mesodermal immune cells, PRR,
CTX, PPO, transplant rejection
Cephalochordata
Lectins, C’, IgSF, VCBP, PPO?, RAG?
Agnatha (jawless vertebrates)
Lectins, C’, LRR VLR, IgSF,
cytokine like molecules, mesodermal
immune cells
AMP: antimicrobial peptides
C’: complement pathway elements
CTX: cortical thymocytemarker in Xenopus
Dscam: drosophila homolog for Down syndrome cell adhesion molecule
FREPs: ﬁbrinogen related peptides
IgSF: immunoglobulin superfamily
LRR VLR: variable lymphocyte receptors with leucine rich repeats
PPO: prophenoloxidase cascade
PRR: pattern recognition receptors
RAG: recombination-activating genes
SCR: scavenger receptors
VCBP: variable chitin binding proteins
TCR: T cell receptor
Figure 1: Phylogenetic tree of the animal kingdom highlighting the evolution of key immunological elements. Two arrows on the left side of
Figure 1 indicate possible appearance of the two branches of immunity. Innate immunity may be observed along the entire animal kingdom.
Traditionally accepted adaptive immunity appeared only in vertebrates, while certain adaptive immune mechanisms may have appeared
early at the level of arthropods and molluscs illustrated by dots (below the arrow).
After decades of anticipation, the ancestors of some
cytokines—soluble intercellular signaling molecules that
form a complex network for the regulation of immunity—
haverecentlybeenidentiﬁed.Invertebrates,helicalcytokines
inlude IL2, IL6, INF α−1, and GM-CSF. Malagoli et al.
have identiﬁed a putative helical cytokine in Drosophila
melanogaster by elaborate bioinformatics transcriptome
analysis. It is very promising that transcription from this ho-
mologue is upregulated in parallel with the known antim-
icobial factors defensin and cecropin A1 following Gram−
or Gram+ challenge [83, 84]. Similarly, S¨ oderh¨ all et al. have
identiﬁed a prokineticin (PK) domain in astakine, an en-
dogenous cytokine-like factor from the freshwater crayﬁsh
Pacifastacus leniusculus by mass spectrometry and PCR using
degenerate primers. An astakine homologue has also been
identiﬁed in the shrimp Penaeus monodon.I nv e r t e b r a t e s ,
PK domains direct angiogenic growth. It has been demon-
strated that injections of recombinant astakine actively inﬂu-
ence diﬀerentiation and growth of hemopoietic stem cells in
vivo [85].
It is a notable observation that even our most distant
vertebrate relatives, jawless ﬁsh (hagﬁsh, lamprey), have an
adaptivelike immune system. It operates by means of clon-
ally distributed leucine-rich repeat (LRR) receptors (similar
to Toll-like receptors) using a novel mechanism of gene re-
arrangement other than RAG. These LRR modules consti-
tute the variable lymphocyte receptors (VLRs). Computer-
assisted prediction suggests a repertoire of approximately
1014 unique VLR receptors [86–89]. In response to the re-
sults described above, one suggestion involves the use of a
diﬀerent terminology for vertebrates instead of “adaptive” or
“acquired” immune system: AIS or antibody-based immune6 Clinical and Developmental Immunology
Aves
Ig (IgM, IgA, IgY),
MHC, TCR, RAG,
cytokines,
GALT,Bursa
Fabricii, thymus,
spleen, lymph nodes
Mammalia
Ig (IgM, IgA, IgG,
IgD, IgE), TcR,
MHC, RAG,
cytokines,
GALT,BM, thymus,
spleen, lymph nodes
Reptilia
Ig (IgM, IgY), MHC, TcR,
RAG, cytokines, GALT, BM,
thymus, spleen, lymph nodes (?)
Amphibia
Lectins, C’, Ig (IgM, IgX,
I g Y ) ,C T X ,M H C ,R A G ,
AMPs cytokines,
GALT, BM, thymus, spleen
Teleostei (bony ﬁshes)
Lectins, C’, Ig (IgM,IgD),
TcR, RAG, MHC, AMPs
cytokines, GALT, thymus,
spleen, kidney
Chondrichthyes
(cartilaginous ﬁsh)
Lectins, C’, Ig (IgM,
IgNAR, IgW, IgX/R),
TcR, MHC, RAG, AMPs,
cytokines, GALT,
Leydigs organ, thymus,
spleen
Gnathostomata
(jawed vertebrates)
Vertebrates
Agnatha
(jawless ﬁshes)
Lectins, C’, IgSF, LRR VLR,
cytokine like molecules, mesodermal
immune cells, GALT (typhlosolis)
myr
200
300
350
400
460
500
550
AMP: antimicrobial peptides
C’: complement pathway elements
Ig: immunoglobulin
CTX: cortical thymocyte marker in Xenopus
LRR VLR: variable lymphocyte receptors with leucine rich repeats
MHC: major histocompatibility complex
GALT: gut associated limphoid tissue
BM: bone marrow
NAR: new (“nurse shark”) antigen receptor
RAG: recombination activating genes
TCR: T cell receptor
Figure 2: Evolution of molecular and histological structures of the vertebrate immune system. Regarding lymphatic tissues, the thymus, and
spleen appeared early in ﬁshes, while lymph-ﬁltering lymph nodes are observed only in birds and mammals. Among the development of
various immunoglobulin isotypes, IgD is expressed in bony ﬁshes, later only mammals are using this B-cell receptor [55].
system [90]. Recent studies performed in noncanonic inver-
tebrate model-species indicate that the tracks of adaptive im-
munity may be much deeper than previously suggested, re-
ferring to adaptivelike immunological functions present in
invertebrates [91].
6. PERSPECTIVES ON INNATE AND
ADAPTIVE IMMUNITY
According to the orthodox view of phylogenetic develop-
ment, immunity has reached its zenith with the emergence
of the adaptive immune system (or AIS) (Figure 2). Conse-
quently, we tend to be inﬂuenced by anthropocentric views
and overlook how other highly developed organisms man-
age to live in hostile environments [61]. As more recent
data have become available regarding nontraditional animal
models, it has been suggested that the emergence of adap-
tive immunity is perhaps not the culmination of the evolu-
tion of immunity, but simply a successful alternative to us-
ing innate immunity alone [92]. For millions of years, many
species could keep up in the continuous arms race between
pathogen and host called coevolution without the surveil-
lance of adaptive immunity [93]. The complexity of biol-
ogy should never be underestimated as it turns out that
those animals lacking RAG-dependent adaptive immunity
can make up for an equal amount of diversity using highly
variable elements of innate immunity (FREPs, DsCAM, SR-
CRs) ﬁnally exhibiting adaptive features [59, 92–94]. On
the other hand, in vertebrates, adaptive immunity often
simply serves as a sophisticated targeting device that rec-
ognizes and then processes the antigen but ﬁnally leaves
the messy job of actually clearing up pathogens to the im-
mense capacity of innate immunity. Therefore, once again
we see that borders are blurring and the strict distinction be-
tween innate and adaptive immunities might need revision
(Figure 3).K. Kvell et al. 7
Alternative adaptive immunity (diverse immune receptor molecules)
Innate immunity
Immunity
(Invertebrates,
vertebrates)
Lymphocyte-antibody based immunity
(vertebrates)
Pathogens
Cytokine- like factors,
antimicrobial peptides
Immunocytes
PRRs
Invertebrates
Invertebrates (insects, mollusks,
deuterostomes)
PRRs
DsCAMs
FREPs
IgSF
members
SCRs MHC
TCR
PRRs
Vertebrates
APC
SCRs
Cytokines
Ig
Lymphocytes Variable immunorecognition
molecules
Figure 3: Schematic representation of innate and adaptive immune feature development in animals. All immune cells express nonspeciﬁc
receptors, for example, pattern recognition receptors that recognize pathogen associated molecular patterns (PAMPs). Several clusters of
innate receptors are conserved from plants to humans and are essential components in the defense of self-integrity. Immune cells of inver-
tebrates also express various scavenger receptorlike proteins (Croquemort, SCRs) [37, 38, 52, 56, 57], immunglobulin superfamily members
(hemolin, DsCAM) [58, 59], and ﬁbrinogen-related peptides (FREPs) [60]; all involved in immune functions (eliminating apoptotic cells,
parasites, etc.). Invertebrate immune systems also exhibit receptors with high diversity involved in immune functions: FREPs, SCRs, and
DsCAMs have extreme individual variability [60–62] like vertebrate adaptive immune recognition molecules (Ig, TcR).
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